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Abstract:  In water supply channels, the brusque operation of control gates may induce large 
unsteady flow motion called surges. Such an operation may be conducted to scour silted channels 
and sewers. Herein a physical study was conducted under controlled flow conditions to study the 
turbulent mixing upstream of a rapidly opening/closing tainter gate. The data suggested that the 
negative/positive surge generation was associated with large instantaneous free-surface fluctuations. 
The velocity measurements indicated significant variations in longitudinal velocity during the surge 
generation, as well as large fluctuations of all velocity components. The processes were associated 
with large Reynolds stress levels. The successive rapid closure and opening of undershoot tainter 
gate provided optimum conditions to scour silted canals, and the present results gave some detailed 
insights into the physical processes. 
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1. INTRODUCTION 
In rivers and canals, one type of flow control is the underflow gate for which there is an extensive 
literature dealing with steady flow conditions (Lewin 1985, Henderson 1966, Montes 1997). But there 
is limited information on transient operation of undershoot gates. In water supply channels, brusque 
operation of control gates may induce large unsteady flow motion called surges which might overtop 
the channel banks, damaging and eroding the channel. In practice, rapid operation of gates and 
controls must often be avoided (Fig. 1). The impact of rapid unsteady gate motion was rarely 
investigated, but in the context of sediment removal (Riochet 2008, Williams et al. 2009), weir 
calibration (Chanson and Wang 2013) and some limited laboratory studies (Reichstetter 2011, Simon 
and Chanson 2013). 
 
It is the purpose of this contribution to study thoroughly the unsteady flow motion in the near proximity 
of a tainter gate during fast transients: rapid gate opening and closure. New measurements were 
conducted in a relatively large size facility (θ = 0º, L = 12 m, W = 0.5 m). The results gave a new 
perspective into negative and positive surge generation, and associated turbulent processes, as well 
as a systematic comparison between the distinctively different surges. The study provided a full data 
set for future computational fluid dynamics studies of gate opening and closure. 
2. EXPERIMENTAL INVESTIGATIONS 
New experiments were conducted in a 12 m long 0.5 m wide horizontal channel at the University of 
Queensland. The bed was made out of PVC and the glass sidewalls were 0.3 m high. A tainter gate 
made of smooth marine ply was located next to the channel downstream end (xGate = 11.12 m) where 
x is the distance from the channel upstream end. Thus the inflow was fully-developed. The gate was 
0.53 m high (Fig. 2). 
 
The water discharge was measured with an orifice meter calibrated on site with a percentage of error 
less than 2%. In steady flows, the water depth was measured using rail mounted pointer gauges. The 
unsteady flow depth was recorded with a series of acoustic displacement meters (ADMs). A 
Microsonic™ Mic+25/IU/TC unit was located at x = 11.25 m immediately downstream of the tainter 
gate. Three acoustic displacement meters Microsonic™ Mic+25/IU/TC were placed upstream of the 
gate at x = 10.9 m, 10.3 m, and 9.7 m. The acoustic displacement meters were calibrated against the 
 pointer gauges in steady flows. The velocity measurements were conducted using an acoustic 
Doppler velocimeter (ADV) Nortek™ Vectrino+ (Serial No. VNO 0436) equipped with a three-
dimensional side-looking head located at x = 10.9 m. The velocity range was 1.0 m/s and the sampling 
rate was 200 Hz. The data accuracy was 1% of the velocity range. The ADV was set up with a 
transmit length of 0.3 mm and a sampling volume of 6 mm diameter and 1.5 mm height. Both the 
acoustic displacement meters and acoustic Doppler velocimeter were synchronised within 1 ms, and 
sampled simultaneously at 200 Hz. In addition some video movies were collected with a digital camera 
SamsumgTM Galaxy Note II N7100 (30 fps, 1280p800p), and complemented by digital photographs 
taken with a PentaxTM K-7 camera. 
 
  
  
Figure 1 – Positive surge generation upstream of a tainter gate looking downstream - Initial flow 
conditions: Q = 0.0345 m3/s, h = 56 mm - From Left to right, top to bottom, 0.19 s between 
photographs 
            
Figure 2 – Partially-closed tainter gate viewed through the left sidewall (Flow direction from left to right) 
- Photograph (Left) for Q = 0.0354 m3/s and h = 85 mm, and dimensioned sketch (Right)
 Table 1 - Experimental investigations of rapid tainter gate opening and closure 
 
Run Tainter gate motion Initial flow conditions Surge generation Instrumentation 
A Rapid gate opening 
(complete opening) 
Q = 0.0345 m3/s 
h = 0.066 m 
d = 0.204 m (at x = 5 m) 
Negative surge 
propagating upstream
Acoustic displacement 
meters (25 runs),  
ADV (25 runs), & 
B1 Rapid gate closure 
(partial closure: h = 
0.068 m) 
Q = 0.0345 m3/s 
d = 0.103 m (at x = 5 m)
Undular positive surge 
propagating upstream
video-camera (25 
runs) 
B2 Rapid gate closure 
(complete closure: h 
= 0.0 m) 
Q = 0.0345 m3/s 
d = 0.103 m (at x = 5 m)
Breaking positive 
surge propagating 
upstream 
 
 
The steady gradually-varied flow conditions were established for at least 5 minutes prior to the gate 
motion. The negative/positive surge was generated by the rapid opening/closure of the tainter gate. 
The gate opening/closure time was between 0.1 and 0.2 s, and such a short opening time had little 
effect on the surge propagation. After opening/closure, the surge propagated upstream and each run 
was stopped before the surge front reached the upstream end of the channel. The experimental flow 
conditions are summarised in Table 1, where Q is the initially steady flow discharge, d is the water 
depth and h is the undershoot gate opening. Each experimental run was repeated carefully 25 times 
and all the data (ADMs, video, ADV) were ensemble-averaged following Chanson and Docherty 
(2012). 
3. FLOW PATTERNS AND FREE-SURFACE OBSERVATIONS 
The rapid gate operation generated surges propagating both upstream and downstream of the gate. 
During the rapid opening experiment (run A), a negative surge propagated upstream. A small 
disturbance was observed next to and upstream of the gate corresponding to the upward motion of 
displaced fluid. The displaced fluid fell back into the flow and the initial disturbance vanished rapidly as 
the fluid was advected in the downstream direction. This is seen in Figure 3A. The negative surge 
propagated further upstream, the instantaneous free-surface profile exhibiting a very-smooth shape. 
All visual observations indicated the gradual lowering of the water surface during the upstream 
propagation of the surge which was barely perceptible, as previously reported (Reichstetter and 
Chanson 2013, Leng and Chanson 2013). 
 
The fast closure of the gate (runs B1 & B2) induced a positive surge propagating upstream. The 
closure induced some water pile-up against the gate and the formation of a turbulent roller, before it 
detached from the gate and propagated upstream. This is seen in Figure 3B. A comparison between 
Figures 3A and 3B shows further some key differences between the generation of negative and 
positive surges. The positive surge generation was highly turbulent, as previously reported by Lubin et 
al. (2010) and Reichstetter (2011). Its upstream propagation induced a major flow disturbance in the 
upstream channel. 
 
The video ensemble-average data were analysed in terms of the instantaneous median water depth, 
the difference between ninth and first deciles (d90-d10) of the data ensemble, and the difference 
between maximum and minimum values (dmax-dmin) (Fig. 4 & 5). For a Gaussian distribution of the 
ensemble around its mean, (d90-d10) would be equal to 2.6 times the standard deviation (Spiegel 
1972). In Figures 4 and 5, t is the time since gate opening and closure respectively and L is the 
channel length (L = 12 m). During the generation of both negative and positive surges, the 
experimental data showed a maximum in free-surface fluctuations (d90-d10)max occurring slightly after 
the surge leading edge (Fig. 4 & 5). Interestingly the negative surge generation produced 
comparatively and quantitatively larger free-surface fluctuations than the positive surge generation for 
the same initial discharge: e.g., at t = 0.50 s, (d90-d10)max was larger during the negative surge 
generation. The finding may appear counter-intuitive since the negative surge was a more gentle 
process than the positive surge further upstream. It might reflect however some key differences in 
terms of turbulent mixing during the surge generation. 
 
   
  
  
  
  
(A, Left) Rapid gate opening sequence (run A, Q = 0.0345 m3/s, h = 66 mm) 
(B, Right) Rapid gate closure sequence (Q = 0.0345 m3/s, h = 56 mm) 
Figure 3 – Rapid gate opening/closure sequence viewed through the right sidewall (flow direction from 
left to right) - From Top to Bottom, 0.19 s between photographs 
 
The video data were complemented by free-surface measurements using the acoustic displacement 
meters. The ensemble-averaged data showed the same qualitative and quantitative results as the 
video data (Fig. 4 & 5), highlighting that the surge generation was a quasi-two-dimensional process in 
terms of the free-surface profile. 
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Figure 4 – Ensemble-average median free-surface profile and free-surface fluctuations during a 
negative surge generation (Run A) - Video-camera data (25 runs) - From top to bottom: 0.167 s, 0.333 
s and 0.50 s after gate opening 
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Figure 5 – Ensemble-average median free-surface profile and free-surface fluctuations during a 
positive surge generation (Run B2) - Video-camera data (25 runs) - From top to bottom: 0.067 s, 0.50 
s and 0.667 s after gate closure 
4. UNSTEADY VELOCITY MEASUREMENTS 
During the surge generation (Table 1), the instantaneous velocity components (Vx, Vy and Vz) were 
sampled simultaneously on the channel centreline 0.35 m upstream of the gate: i.e., at x = 10.9 m. 
Herein Vx is the longitudinal velocity component positive downstream, Vy is the transverse velocity 
positive towards the left sidewall and Vz is the vertical velocity positive upwards. The unsteady velocity 
measurements were repeated 25 times and the data were ensemble-averaged. The data ensemble 
were analysed in terms of the instantaneous median and instantaneous velocity fluctuation (V90-V10) 
that is the difference between the 9th and 1st deciles. Typical results are presented in Figures 6 and 7 
where dc and Vc are the critical flow depth and critical velocity respectively, and g is the gravity 
acceleration. 
 
For the negative surge generation, the data showed the rapid flow acceleration at all elevations during 
the rundown of the water surface (Fig. 6 Top). The flow acceleration was linked with an increase in 
instantaneous fluctuations for all velocity components. That is, the velocity fluctuations were larger 
than during the initially steady flow. There was however some difference in terms of velocity 
fluctuations. The longitudinal velocity measurements showed some very large velocity fluctuations 
during the initial stage of the surge generation as illustrated in Figure 6 (Top). The other velocity 
components showed large fluctuations without this distinctive peak. The transverse velocity Vy was 
 zero on average in the initially steady flow, and the surge generation induced some fluctuations about 
zero. The drawdown of the water surface was associated with some negative vertical velocities, 
particularly close to the free-surface (Fig. 6 Bottom). Indeed, at the free-surface, the vertical velocity 
component must satisfy the no-flow-through condition: Vz(z=d) = (z/t)z=d. Overall it was believed that 
the increase of velocity fluctuations observed during and after negative surge propagation might 
indicate some intense turbulent mixing at all vertical elevations. The present findings were consistent 
with the earlier findings of Reichstetter and Chanson (2013). 
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Figure 6 – Ensemble-average median free-surface profile, median velocity components and velocity 
fluctuations at 0.35 m upstream of the gate (x = 10.9 m) during a negative surge generation (Run A) - 
Each median velocity curve is offset vertically by +0.2 from the previous one 
 
With the generation of positive surges, the velocity measurements showed that the surge generation 
and propagation yielded a rapid flow deceleration (Fig. 7). This is illustrated in Figure 7. During the 
generation of the breaking surge (Run B2), some large fluctuations of the longitudinal, transverse and 
vertical velocity components were observed beneath the surge. The maximum horizontal and vertical 
velocity fluctuations occurred about the same time as the maximum free-surface fluctuations (see 
above). The transverse velocity data presented some large fluctuations after the surge front, implying 
some intense secondary motion in the wake of the surge. In the undular surge (Run B1), the surge 
leading edge was followed with a train of secondary waves, which affected all three velocity 
components (Fig. 7). This is illustrated in Figure 7 in which the horizontal velocity component Vx was 
minimum beneath the wave crests and oscillated with the same period as the free-surface undulations 
but out of phase. The vertical and transverse velocity presented a similar oscillating pattern beneath 
 the free-surface undulations. Note that the longitudinal velocity deceleration was more gentle than 
during the generation of the breaking surge. 
 
Large instantaneous velocity fluctuations were recorded during the generations of both positive and 
negative surges. The maximum instantaneous fluctuations were quantitatively similar. Indeed the 
generation processes were highly turbulent. Further the data showed large turbulent Reynolds 
stresses during the surge generation (data not shown). Maximum shear stresses were observed 
beneath the leading edge of the negative/positive surges, with maximum median shear stresses up to 
20 to 80 Pa. For comparison, the Shields diagram predicts a critical shear stress (o)c for sediment 
motion of 0.1 to 0.5 Pa for fine sand particles (Graf 1971). The measured instantaneous stress levels 
were one to two orders of magnitude larger than the critical threshold for sediment motion of sandy 
materials. The results indicated that both negative and positive surge generation can scour a mobile 
bed located upstream of the gate. In a practical application, a rapid gate closure followed by a rapid 
gate opening may provide the best conditions to scour intensely the sediment bed upstream of the 
gate which will be advected downstream during the acceleration phase following the rapid gate 
opening. The process might be applied to remove sediments in silted canals and a similar technique is 
already used in sewers with a movable fast tilting gate (Riochet 2008). 
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Figure 7 – Ensemble-average median free-surface profile, median velocity components and velocity 
fluctuations at z = 0.0388 m (z/dc = 0.49) and 0.35 m upstream of the gate (x = 10.9 m) during a 
positive surge generation (Run B1) 
5. CONCLUSION 
The generation of positive/negative surges by rapid gate closure/opening was investigated 
experimentally in a relatively large size facility. The focus of the study was a fine characterisation of 
the instantaneous free-surface elevations and velocity fluctuations immediately upstream of a tainter 
gate. Free-surface and velocity measurements were repeated 25 times and the results were 
ensemble-averaged. 
 
The free-surface data (video and acoustic displacement meter) highlighted the rapid deformation of 
the free-surface during the positive/negative surge generation process. The ensemble-averaged data 
suggested that the surge generation was a quasi-two-dimensional flow, albeit large instantaneous 
free-surface fluctuations were observed beneath the surge leading edges. The instantaneous velocity 
measurements indicated significant variations in longitudinal velocity during the positive/negative 
surge generation, as well as large fluctuations in all velocity components. The large instantaneous 
velocity fluctuations were associated with large Reynolds stress levels. 
  
The successive rapid closure and opening of the gate provided optimum conditions to scour silted 
channels which would be advected downstream. A similar method is already used in sewers and the 
present results gave some detailed insights into the physical processes. The present data set could 
further be used to validate the numerical modelling of positive/negative surge generation, as indeed 
the numerical approach is challenging because of the intense turbulence generated during the gate 
operation, as well as the large and rapid free surface deformations. 
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